Tnr1 (235 bp long) is a transposable element in rice. Polymerase chain reactions (PCRs) done with a primer(s) that hybridizes to terminal inverted repeat sequences (TIRs) of Tnr1 detected new Tnr1 members with one or two insertions in rice genomes. Six identified insertion sequences (Tnr4, Tnr5, Tnr11, Tnr12, Tnr13 and RIRE9) did not have extensive homology to known transposable elements, rather they had structural features characteristic of transposable elements. Tnr4 (1767 bp long) had imperfect 64-bp TIRs and appeared to generate duplication of a 9-bp sequence at the target site. However, the TIR sequences were not homologous to those of known transposable elements, indicative that Tnr4 is a new transposable element. Tnr5 (209 bp long) had imperfect 46-bp TIRs and appeared to generate duplication of sequence TTA like that of some elements of the Tourist family. Tnr11 (811 bp long) had 73-bp TIRs with significant homology to those of Tnr1 and Stowaway and appeared to generate duplication of sequence TA, indicative that Tnr11 is a transposable element of the Tnr1/Stowaway family. Tnr12 (2426 bp long) carried perfect 9-bp TIRs, which began with 5'-CACTA--3' from both ends and appeared to generate duplication of a 3-bp target sequence, indicative that Tnr12 is a transposable element of the En/Spm family. Tnr13 (347 bp long) had 31-bp TIRs and appeared to generate duplication of an 8-bp target sequence. Two sequences, one the transposon-like element Crackle, had partial homology in the Tnr13 ends. All five insertions appear to be defective elements derived from autonomous ones encoding the transposase gene. All had characteristic tandem repeat sequences which may be recognized by transposase. The sixth insertion sequence, named RIRE9 (3852 bp long), which begins with 5'-TG--3' and ends with 5'--CA-3', appeared to generate duplication of a 5-bp target sequence. These and other structural features indicate that this insertion is a solo LTR (long terminal repeat) of a retrotransposon. The transposable elements described above could be identified as insertions into Tnr1, which do not deleteriously affect the growth of rice cells.
INTRODUCTION
Eukaryotic transposable elements are divided into two groups based on their transposition mechanisms and modes of propagation (Finnegan, 1992) . One group of these elements move from one site to another by excision and reintegration. Generally, they have terminal inverted repeats (TIRs) and make a target site duplication with several base-pair (bp) sequence on transposition. Many types of transposable DNA elements in plants have been identified and classified into three major families; Ac, En/Spm and Mu, on the basis of the homology of their TIRs and transposase genes as well as the length of the target site sequence (for reviews, see Nevers et al., 1986; Peterson, 1987; Fedoroff, 1989; Gierl and Saedler, 1992) . The Ac/Ds and En/Spm family elements have short repeat sequences with a motif in the subterminal regions essential for transposition. Defective types of these elements, such as Ds, dSpm and dMu, which are deleted for the transposase gene, also exist. The transposase encoded by the autonomous element promotes transposition of the defective element. In addition, other elements, such as Tnr1/Stowaway and Tourist, with features characteristic of transposable elements have been described. Tnr1/Stowaway, 80-323 bp long, is ubiquitous in plants and has strong target site preference Tenzen et al., 1994; Bureau and Wessler, 1994) . Tnr1 (235 bp long) identified in rice has 75-bp TIRs and preferentially transposes to the sequence PuTAPy, duplicating TA, as do the elements in the IS630/Tc1 family (Tenzen et al., 1994) . Tourist, 125-142 bp long (Bureau and Wessler, 1992) , present in maize, barley, sorghum and rice genomes, generates duplication of a 3-bp target sequence (preferentially TAA or TTA). These and some other elements with TIRs are collectively called MITEs (miniature inverted-repeat transposable elements) (Bureau et al., 1996) .
Another group of transposable elements transpose by means of an RNA intermediate. These include retrotransposons with long terminal repeats (LTRs) at their 5' and 3' ends (for a review, see Bingham and Zachar, 1989) . LTR sequences that begin with 5'-TG-and end with -CA-3' vary in size but have the promoter and terminator signals required for element transcription. The internal region flanked by two LTRs includes an open reading frame(s) which comprises gag and pol required for the retrotransposition that accompanies duplication of a 5-bp target sequence. Solo LTRs without such an internal region also exist. They are produced by the recombination of two LTRs (Roeder and Fink, 1984) .
We have been working on identifying an autonomous Tnr1 element with the transposase gene using a polymerase chain reaction (PCR) with the total DNAs from several rice varieties with the AA genome as templates and with a primer(s) that hybridizes to the TIR sequences of Tnr1. During our study, we found several Tnr1 members with one or two insertions. We report here that the insertions in these Tnr1 members have features characteristic of transposable elements. Some of the elements are distantly related to the transposable elements previously identified, others appear not to be related to any of them.
MATERIALS AND METHODS
Plant DNAs. Total DNA was isolated from the leaves of 2-week-old seedlings of Oryza sativa L. cv. IR36, Oryza sativa L. cv. Nipponbare, and Oryza glaberrima W025 as described previously .
Oligonucleotides. Oligonucleotides used as primers were P1 (5'-CTCCCTCCGTTTCTAAATATTTGAC-3') and P2 (5'-ATGTTTGACCGTTCGTCTTAT-3'). These oligonucleotides were synthesized by the β-cyanoethylphosphoamidide method in a DNA synthesizer OLIGO1000M (Beckman).
PCR.
The standard PCR was done as described elsewhere (Tenzen et al., 1994) with primer P1. A nested PCR was done essentially as described previously (Wichman and Van Den Bussche, 1992) : The first PCR was done with LA-Taq DNA polymerase (Takara) and 0.2 µg of total DNA, 0.8 µM of primer P1, and 2.5 units of DNA polymerase in a 50 µl solution. The step-cycle program for 10 of the total 30 cycles was DNA denaturation at 96°C for 30 sec, annealing at 30°C for 1 min and DNA extension at 72°C for 2 min 30 sec. Before the DNA extension step, the temperature was shifted slowly from 30°C to 72°C over a 3-min period. Subsequently, the step-cycle program for 20 cycles was DNA denaturation at 96°C for 30 sec annealing at 50°C for 30 sec, and DNA extension at 72°C for 2 min 30 sec. Before the DNA extension step, the temperature was shifted quickly from 50°C to 72°C. The second PCR used EX-Taq DNA polymerase (Takara), 0.1 µl of the first PCR product as the template, 0.1 µM of primer P2 and 2.5 units of DNA polymerase in a 100 µl solution. The step-cycle program set for 30 cycles was DNA denaturation at 96°C for 30 sec, annealing at 55°C for 30 sec, and DNA extension at 72°C for 2 min 30 sec. The PCR was done in a Perkin-Elmer Cetus Thermal Cycler, and the products were separated through a 1.0% agarose gel.
Cloning of the PCR-amplified fragments. The PCRamplified fragments were treated with Taq polymerase (Takara) according to Clark (1988) then ligated to a linear pCR TM 2.1 vector in a TA cloning kit (Invitrogen). The sample DNA (5 ng) was transformed to an E. coli strain, XL1-Blue MRF' (Stratagene). Ampicillin-resistant transformants were selected on plates containing 100 µg/ ml of ampicillin (Wako).
Nucleotide sequencing. DNA was sequenced by the dideoxynucleotide chain termination method (Messing, 1983; Sanger et al., 1977) using dye-labeled primers (-21M13, PR1) and an ABI PRISM Dye Primer Cycle Sequencing Ready Reaction kit (Perkin Elmer) with AmpliTaq DNA Polymerase FS or by using a dye-labeled terminator and a DyeDeoxyTerminator Cycle Sequencing kit with AmpliTaq (Perkin Elmer) and the relevant oligodeoxyribonucleotides primers. Heat-denatured plasmid DNA was the template in both methods. The sequencing reaction was performed using Catalyst A800 (Perkin Elmer). Reaction products were run in an ABI 373S-36 DNA sequencer.
Computer analysis of nucleotide and amino acid sequences. The GENETYX-MAC 9.0 program (Software Development Co) for multi sequence alignment was used. Homology between the two nucleotide sequences or the amino acid sequences was searched for by the diagonal homology matrix method (Harr et al., 1983) . The search for nucleotide sequence homology was done by running the programs FASTA, BLAST, and MP search against sequences in the GenBank and EMBL databases.
Accession numbers. The nucleotide sequences of Tnr4, Tnr5, Tnr11, Tnr12, Tnr13 and RIRE9 appear in the DDBJ, EMBL, and GenBank nucleotide sequence databases under accession numbers, AB033542 -AB033547.
RESULTS AND DISCUSSION
Identification of Tnr1 members with one or two insertions. PCR done with the total DNAs from two rice varieties (O. sativa cv. IR36 and O. sativa cv. Nipponbare) as templates and primer P1 that hybridizes to the TIR sequences of Tnr1 (Fig. 1A ) was used to identify an autonomous element of Tnr1 with the transposase gene. Some large fragments that formed faint bands in the ethidium bromide stained gel were obtained, as well as a short DNA fragment which formed a dense band (data not shown). The short fragment is presumed to be from the inside sequence of Tnr1 (235 bp long) present in multiple copies (about 3500 per haploid rice genome; Umeda et al., 1991) . Cloning and sequencing showed that one clone 2.13 with a large fragment derived from O. sativa cv. Nipponbare had the Tnr1 sequence with an insertion in its middle region (Figs. 2 and 3). We named this insertion Tnr4. Another clone 2.12 with a large fragment derived from O. sativa cv. IR36 had the Tnr1 sequence with an insertion in one of its inverted repeat sequences (Figs. 2 and 3). We named this insertion Tnr5. The nested PCR (see Materials and Methods) with primer P1, and primer P2 which hybridizes to a region different from that for primer P1 in the TIR sequences of Tnr1 (see Fig. 1A ), was then used to identify an autonomous element of Tnr1. By this procedure, the short fragments with an inside Tnr1 sequence were not produced in a large amount, for an unknown reason, but many large DNA fragments that formed distinct bands were produced from the several rice varieties examined (Fig. 1B) . Cloning and sequencing detected one clone, pHAN1, out of eleven clones had two insertions in the Tnr1 sequence (Fig. 2) . One insertion, designated Tnr13, was present in one of the TIRs of Tnr1, and another, called Tnr11, was present at a position 21 nucleotides from Tnr13 (Fig.  3) . Clones pHAN2 -pHAN8 had a portion of the fragment present in pHAN1: The fragments in these clones appeared to be amplified due to hybridization of primer P2 to the end regions of Tnr11 (Fig. 2) , because Tnr11 is related to Tnr1 and has similar TIRs, as described below.
Clone pHAN9 had Tnr1 with an insertion (Fig. 2) . This clone was identical to clone 2.13 with Tnr4 described above (Fig. 2) . Another clone, pHAN10, had Tnr1 with an insertion, which was named Tnr12 (Figs. 2 and 3 ), and clone pHAN11 had Tnr1 with the longest insertion (Figs. 2 and 3). As described below, nucleotide sequencing showed that this insertion was a solo LTR of a retrotransposon. Thus, it was named RIRE9.
Characterization of insertion sequences as transposable elements. All of the identified insertion sequences, except RIRE9, carried TIRs and were flanked by direct repeats of a sequence (2 -9 bp long) in Tnr1, indicative that target site duplications are generated upon insertion (Table 1 and Fig. 3 ). These findings strongly indicate that these insertions are transposable elements. They showed no extensive homology to known transposable elements but had the following structural features characteristic of transposable elements.
(a) Tnr4, a novel transposable element. Tnr4 (1767 bp long) with imperfect 64-bp TIRs is flanked by direct repeats of a possible target site sequence 9 bp long (Fig.  3) . Tnr4 has tandem repeat sequences with or without a palindromic sequence in the 3'-and 5'-end regions defined in Fig. 4 (also see Fig. 2 ). Tnr4 also has direct repeats in the 3' region (see sequences a and b in Fig. 4) . No sequences significantly homologous to the TIRs of Tnr4 were found in our computer-assisted sequence similarity searches of the databases, evidence that Tnr4 is a new transposable element.
(b) Tnr5, an element possibly distantly related to Tourist. Tnr5 (209 bp long) with imperfect 46-bp TIRs is flanked by direct repeats of the sequence TTA (Fig.  3 ). This and its short length suggest that Tnr5 is related to Tourist which generates duplication of a 3-bp target sequence (preferentially TAA or TTA) (Bureau and Wessler, 1992) . Tnr5, however, does not have significant homology to Tourist, except for the sequences at the very end regions. In fact, no sequences homologous to Tnr5 were found in the databases. Tnr5 has tandem repeat sequences with a palindromic sequence in the 5' half region (Fig. 4) . No tandem repeats like those of Tnr5 have previously been found in the Tourist family elements.
(c) Tnr11, an element distantly related to Tnr1. Tnr11 had 73-bp TIRs with striking homology to those of Tnr1 (Fig. 5A) . Because of this homology, primer P2 that was used for PCR hybridized to the TIRs of Tnr1 as well as those of Tnr11, resulting in amplification of the fragments carried by pHAN1 -pHAN8 (see Fig. 2 ). Even those nucleotide sequences of the Tnr11 fragments derived from a single rice strain differed from one another, suggesting that Tnr11 exists in rice genomes in multi-copies. A consensus sequence 811 bp long was derived from the nucleotide sequences of all the Tnr11 members (Fig.  5A ). Tnr11 is flanked by direct repeats of the sequence TA (Fig. 3) , as in Tnr1 and Stowaway. This and the finding of TIRs having homology to those of Tnr1 indicate that Tnr11 belongs to the Tnr1/Stowaway family, although its middle sequence is much longer than the sequences of elements of the Tnr1/Stowaway family (Fig. 5A) . Tnr11 has two kinds of tandem repeat sequences (Fig. 5A) . Recently, a transposable element, named Soymar1 (3493 bp), has been identified in soybean (Jarvik and Lark, 1998 ). It appears to be a Tnr1/Stowaway family element with the transposase gene, because the TIRs of Soymar1 are homologous to those of Tnr1 and Tnr11 (data not shown) and Soymar1 seems to generate duplication of the TA sequence at the target site upon insertion.
(d) Tnr12, an element distantly related to En/Spm. Tnr12 (2426 bp long) carried perfect 9-bp TIRs, which begin with 5'-CACTA--3' (Fig. 4) , the same as those in En/Spm family elements (for a review, see Kunze et al., 1997) , evidence that the insertion sequence is an element of the En/Spm family. In fact, Tnr12 appears to generate duplication of a 3-bp target sequence (Fig. 3) like that of elements of the En/Spm family.
The subterminal regions of Tnr12 have 24 copies of the ACGA sequence, mostly as part of the sequence TTAACGAPu that has a possible methylation site in direct or inverted orientation at the 5' and 3' end regions (Fig. 4) . Subterminal repeat sequences are another striking structural feature of En/Spm family elements (Gierl et al., 1985; 1988; Masson et al., 1987) . The subterminal sequences with a unique motif in Tnr12 are thought to be recognized by a transposase that is encoded by an autonomous element and is involved in excision, as in En/Spm (Gierl et al., 1988; Trentmann et al., 1993; Menssen et al., 1990) .
(e) Tnr13, an element related to Crackle. Tnr13 (347 bp long) with 31-bp TIRs is flanked by direct 8-bp sequence repeats (Fig. 3) . Tnr13 has tandem repeat sequences with a palindromic sequence in the 3' end region (Fig. 4) .
Computer-assisted sequence similarity searches of the databases showed that Tnr13 has partial homology to Crackle, a transposon-like element from Oryza longistaminata ( Fig. 5B ; Song et al., 1998) . Crackle, 378 bp long, is flanked by an 8-bp sequence, like that in Tnr13 (Fig. 5B) . Crackle has significant homology to the TIRs of Tnr13, although the TIR sequences of Crackle have not been previously recognized. These findings indicate that Tnr13 and Crackle are elements of the same family. Tnr13 also is partially homologous to a DNA segment (487 bp long) in the 5' flanking region of the gene for pyruvate, orthophosphate dikinase (PPDK) from O. sativa cv Nipponbare (Imaizumi et al., 1997) . This sequence, here tentatively called Tnr14, is not flanked by direct repeats but has apparent TIRs (Fig. 5B ), indicative that it is another element of the Crackle/Tnr13 family.
(f) RIRE9, the solo LTR of a retrotransposon. RIRE9 (3852 long) begins with 5'-TG and terminates with CA-3', as do the LTR ends of retroelements (retrotransposons and retroviruses). It is flanked by direct 5-bp sequence repeats, as are retroelements. RIRE9 has no obvious terminal repeat sequences, nor gag or pol regions encoded by retroelements, evidence that it is a solo LTR derived from a retrotransposon, even though its size is the longest of the LTRs of retrotransposons. Retrotransposon LTRs are divided into three functional regions; U3, R, and U5 (Temin, 1981; Birnstiel et al., 1985; Varmus, 1983) . The U3 region includes a promoter for RNA polymerase II. R is the region from a cap site to a polyadenylation site, and U5 is the region downstream of the polyadenylation site. RIRE9 may have a long U3 region, because size variations occur in the U3 region in retroviruses (Temin, 1981) . In the complementary sequence of RIRE9 shown in Fig. 2 , the probable U3 region of RIRE9 has a promoter sequence TATAAA at positions 2602-2607, and sequence CCATT, similar to the promoter sequence in Rous sarcoma virus (RSV) (Swanstrom et al., 1981) , at 56 bp upstream of the TATAAA sequence. The termination signal, TTGT, for retroviral RNA synthesis (Temin, 1981 ) is found at positions 3477-3480 in RIRE9. RIRE9 was found to be homologous to a sequence from O. sativa cv. Nipponbare (accession number, AQ163684). The region immediately adjacent to the homologous sequence includes a sequence complementary to the 3' end region of tRNA i Arg . This is a possible primer-binding sequence (called PBS) required for the initiation of cDNA synthesis , and supports the evidence that RIRE9 is a solo LTR derived from a retrotransposon.
FURTHER DISCUSSION
By PCR with the primer(s) hybridizing to the TIRs of Tnr1, six kinds of insertions were identified in Tnr1 and characterized as transposable elements with distinct sequence and structural features ( Table 1) . Some of these transposable elements appear to be distantly related to known elements, whereas others seem to be new types. Previously we found several kinds of insertions in retroposon p-SINE1 of rice and characterized them as transposable elements and a retrotransposon ( Table  1 ). The transposable elements in both Tnr1 and p-SINE1 could be identified as insertions which do not deleteriously affect the growth of rice cells. Of the elements previously identified, Tnr3 (Table 1 ; Motohashi et al., 1996) belongs to the En/Spm family as does Tnr12 reported here. These two elements, however, share no significant homology, except that their end sequences are 5'-CACTA--3'. This indicates that En/Spm family elements with wide sequence variation exist even in a single plant species. Tnr3, however, has subterminal repeats with the motif, YYATCTGTGACGGGC or YYATCTCAAT-CGGGC, which includes a possible methylation site(s), as does the motif in subterminal repeats in Tnr12. The subterminal repeat sequences in En/Spm are bound by the transposase encoded by the element (Gierl et al., 1988) . Binding is reduced if the cytosine residues of the CG and CNG sequences within the binding sites are methylated (Gierl et al., 1988) , which leads to the assumption that Tnr12, as well as Tnr3, also is regulated by methylation.
Of the elements identified here and previously, Tnr4, Tnr5, Tnr13, Tnr2 (Myouga et al., unpublished results) and Tnr8 (Chen et al., unpublished results) carry characteristic tandem repeats in their subterminal regions. These repeats are thought to be essential for element transposition. It is interesting that Tnr4 as well as Tnr2 and Tnr8 generates duplication of a 9-bp target sequence as does Mu, although these elements do not share significant homology.
All the elements identified here and previously appear to be defective ones as deduced from their sizes. We are involved in isolating an autonomous element with the transposase gene from some of them. 
